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Abstract 
The element distribution in biological cells 
and tissues can be revealed by electron probe 
microanalysis from ultrathin cryosections. In 
particular, the distribution of physiologically 
important and often mobile elements such as Na, 
Mg, P, S, Cl, K, and Ca can be studied in cryo-
sections on an ultrastructural level. The cryo-
preparat ion technique required for this purpose 
consists of 1. cryofixation, 2. cryosectioning, 
3. cryotransfer including freeze-drying and carbon 
coating if necessary, 4. energy dispersive X-ray 
microanalysis in a cold stage equipped scanning 
transmission electron microscope. The lateral 
analytical resolution of this method is less than 
50 nm in freeze-dried ultrathin (about 100 nm 
thick) cryosections. The detection limit is about 
12 mMol/kg dry weight for elements with an atomic 
number higher than 12. For sodium this value is 
about 48, for magnesium about 36 mMol/kg dry 
weight. Good cryofixation without or at least 
with very small ice crystals with a diameter of 
50 nm or less is found to be necessary not only 
for recognition of ultrastructural details but 
also for reliable evaluation of X-ray spectra. 
Carbon coating of frozen-hydrated sections 
reduces the mass loss observed in uncoated 
frozen specimens. 
KEY WORDS: Biological microanalysis, cryoprepara-
t1on, cryofixation, cryosection, cryotransfer, 
cryomicroscopy, cryoultramicrotomy, frozen-hydrat-
ed specimen, freeze-drying, ion distribution. 
l l 9 
Introduction 
The preparation of ultrathin cryosections 
from biological cells and tissues makes it pos-
sible to study the distribution of elements such 
as Na, Mg, P, S, Cl, K, and Ca in a defined 
physiological state on an ultrastructural level. 
Various experiences concerning X-ray microanalysis 
of cryosections are described in the literature, 
e.g., by Appleton (1974), Barnard (1982), Hagler 
and Buja (1984), Hall and Gupta (1983), Moreton 
et al. (1974), Roomans et al. (1982), Saubermann 
et al. (1981a and b), Seveus (1980), Somlyo et 
al. (1977), Somlyo and Shuman (1982), Wendt-Galli-
telli and Wolburg (1984), Zierold (1982). This 
paper describes the author's approach to prepare 
cryosections for energy dispersive X-ray microana-
lysis in a scanning transmission electron micro-
scope (STEM). The preparation procedure is shown 
schematically in Fig. 1: It consists of cryofixa-
tion, cryosectioning, cryotransfer including 
freeze-drying or carbon coating, microscopy and 
energy dispersive X-ray microanalysis in a cold 
stage equipped STEM. In the following these 
preparation steps are described and discussed 
with respect to the related problems and perspec-
tives. 
The results reported here have been obtained 
with the help of a Reichert FC4 cryoultramicrotome 
and a Siemens ST 100 F scanning transmission 
electron microscope, equipped with a Link Systems 
X-ray analyser. 
Cryofixation 
Cryofixation refers to quick freezing of 
biological cells and tissues in a way that pre-
serves the ultrastructure and the distribution of 
substances as closely as possible to the living 
cell. The main problem in cryofixation is ice 
crystal growth that during freezing may damage the 
ultrastructural organization and cause displace-
ment of diffusible elements and molecules. There-
fore, freezing has to be performed with high 
velocity, preferably higher than 10,000 K/s, in 
order to keep the water in the uncrystallized 
vitrified state or to obtain ice crystals smaller 
than ultrastructural details (Moor, 1964; Dubochet 
et al., 1982). Due to the low thermal conductivity 
of water (2-4 W/m·K) this can be achieved only for 
thin specimens such as single cells or thin 
tissue layers. At present, plunging of the sample 
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Fig. 1: Scheme of the preparation of cryosec-
t ions: a) cryofixation, b) cryosection-
ing, c) cryotransfer, d) carbon coating, 
e) freeze-drying, f) STEM and X-ray mic-
roanalysis, BF = brightfield detector, 
OF = darkfield detector, PE= primary 
electrons, X = X-rays. 
into liquid propane cooled by liquid nitrogen, 
propane jet fixation, or cold metal mirror fixa-
tion are the most established freezing methods. 
For a review of freezing techniques the reader is 
referred to Plattner and Bachmann (1982). Accord-
ing to present knowledge no particular freez-
ing technique can be recommended which yields 
optimal results for all kinds of specimens. Each 
specimen requires a special approach depending on 
specimen type, geometry, and physiological boun-
dary conditions. Droplets of cell suspensions or 
standard solutions as used for microanalytical 
calibration can for example be frozen by means of 
a copper sheet assembly, as demonstrated in Fig. 
2. By this technique droplets suitable for 
further cryosectioning can be obtained without 
the risk of water evaporation during the time 
before freezing. All the techniques mentioned 
above provide cryofixation of the ultrastructure 
with acceptable ice crystal damage up to a 
specimen depth of about 30 JJm. Significantly 
larger preservation areas can be achieved only by 
the high pressure freezing method (MUller and 
Moor, 1984), but this technique has, to our 
knowledge, not been applied to microanalysis. 
The limitation of cryofixation with respect 
to sample thickness makes tissue culture cells 
an ideal model for cryopreparation (James-
Kracke et al., 1980; Zierold et al., 1984). Fig. 











Fig. 2: Preparation of droplets for cryosection-
ing: 
a) The droplet is placed into the cavity of 
a copper sheet with a smooth surface 
(s). A similar copper sheet with a plane 
rough surface (r) is laid on the droplet 
bearing sheet. 
b) This device is plunged into liquid pro-
pane. 
c) The copper sheets are detached from each 
other. The frozen droplet mostly remains 
on the copper sheet with the rough sur-
face, appropriate for cryosectioning. 
cells which had been grown in vitro on a gold 
Bal zers freeze-etch specimen support and frozen 
by the propane jet technique. The corresponding 
intracellular X-ray spectrum is given by Fig. 4. 
Other examples of good cryopreparation of tissue 
specimens are, for example, single fiber prepara-
tions of muscle (Hagler and Buja, 1984; Somlyo et 
al., 1977; Wendt-Gallitelli and Walburg, 1984). 
The approximately 80 µm thick antennae of the 
silkmoth bombyx mori, plunged into liquid propane 
cooled by liquid nitrogen, also can be prepared 
successfully for cryosectioning. Figs. 5 - 8 
illustrate the good ultrastructural preservation 
of the tissue. Even the rough endoplasmic reticu-
lum can be easily recognized (Fig. 8). However, 
these are exceptional tissue specimens. The 
appropriate preparation of complex tissues in 
defined physiological states is one challenge in 
the future application of cryopreparation tech-
niques. 
Good cryofixation is not only a prerequisite 
to preserve ultrastructural integrity, it is also 
necessary for reliable evaluation of X-ray spectra 
(Zierold, 1984a and b). As shown in Table 1 dry 
weight concentrations of potassium and phosphorus 
as measured in freeze-dried cryosections of 
droplets consisting of a mixture of dextran and 
KH2P04-solution depend on the ice crystal size. 
The data indicate that the expected concentration 
of the elements is found only, if the ice crystal 
size is about 50 nm in diameter or less. This 
effect might be caused by problems in appropriate 
background correction for specimens with varying 
thickness. Although not yet completely understood 
it has to be taken into account in quantitative 
evaluation. 
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Fig. 3: Freeze-dried cryosection of skeletal 
muscle cells in vitro. C = cytoplasm, M 
= mitochondria, N = nucleus. 
Fig. 4: Typical X-ray spectrum from the cytoplasm 
of a cell shown in Fig. 1. 
Figs. 5-8: Freeze-dried cryosection of a silkmoth 
antenna in increasing magnification 
C = cells, Cu = cuticula, Cy = cyto-
plasm, ER= endoplasmic reticulum, H = 
hemolymph space, N = nucleus. 
Cryosectioning 
Cryosectioning requires appropriate speci-
mens: In particular, cryofixed specimens have to 




1: X-ray microanalysis of freeze-dried 
cryosections of droplets consisting of 
20% dextran and 80% KH2P04 in a concen-
tration of 200 mMol/1, respectively 
800 mMol/kg dry weight. The data are 
evaluated from X-ray spectra by means of 




ice crystal size 
50 nm 1 j\lm 
+ standard error 
phosphorus 800 = 49 
potassium 800 = 120 
357 = 123 
343 = 136 
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T < 173 K Tm(heptane) = 183K 
Fig. 9: Cryogluing of a frozen specimen by melting 
heptane: The heptane droplet is frozen on 
the specimen holder in the cryoultramicro-
tome chamber (a). The droplet is molten by 
a warm forceps (b). The specimen is placed 
in the molten heptane and then glued by 
the freezing heptane (c). 
a way that they can be sectioned with a suffi-
ciently small cutting plane of less than about 
200 .AJm in any desired orientation. Thin frozen 
specimens can be glued on a specimen holder of 
the cryoultramicrotome with melting heptane 
(Steinbrecht and Zierold, 1984; e.g., thin 
antennae of silkmoth, Figs. 5 - 8) or copper 
sheets bearing frozen droplets can be glued by 
this method on holders for cryosectioning without 
raising the temperature of the specimen above 193 
K, the recrystallization temperature of intra-
cellular water. The cryogluing is illustrated by 
Fig. 9. 
Cr yo sect i ans are cut by means of a dry g 1 ass 
knife in the cold nitrogen gas atmosphere of the 
cryoultramicrotome chamber (Seveus, 1980; Sitte, 
1982). The cutting temperature is kept below 173 
K, the cutting speed ranges preferably between 15 
and 20 mm/s, the thickness of sections is between 
70 and 100 nm. Transparent sections showing inter-
ference colours are obtained from well frozen 
specimens with smal 1 ice crystals. From specimens 
with large ice crystals, e.g., larger than 300 
nm, brittle chips rather than clear sections are 
obtained. The same holds for specimens with large 
water-rich vacuoles such as plant tissues. The 
sections are transferred to Pioloform®-coated 
and carbon-evaporated 50 mesh grids by means of 
an eye lash (Christensen, 1971). A second grid 
coated in the same way is placed on top of the 
grid bearing the sections. Both grids are com-
pressed together by means of a cold polished 
metal rod. Then they are detached, and the grids 
with adhering sections are mounted on electron 
microscope holders suitable for cryotransfer. The 
hand 1 i ng of cryosect i ans is often comp 1 i cated by 
static electricity, which can be reduced by using 
commercially available discharge devices (Gupta 
et al., 1977). 
Cryosections show to a varying extent com-
press ion lines perpendicular to the cutting 
c,iirection (Barnard, 1982; Chang et al., 1983; 
McDowa 11 et a 1., 1983; Frederik et a 1., 1984a; 
Zierold, 1984c). Chatter lines with a period 
1 arger than one .AJm are caused by microtome 
vibration and can be avoided by lowering the 
cutting speed to 30 mm/s or less. The compression 
lines with a frequency of 3-6 lines/..um are 
a 1 ways present in sect i ans of we 11 frozen spec i-
mens (Figs. 10 and 11). Even if not visible indi-
vidually, the compression by cutting increases the 
122 
section thickness by 20-40%. Only sections with 
ice crysta 1 s 1 arger than 200 nm show no compres-
sion lines (Fig. 12), but these sections, of 
course, are not suit ab 1 e for studying the ultra-
structure and for microanalysis (see Table 1). 
Cryotransfer 
Obvious 1 y, e 1 ectron microscopy of frozen-hy-
drated specimens requires cryotransfer. This can 
be performed by means of a transfer chamber filled 
with nitrogen gas and equipped with a cold contact 
to the grid holder. Various cryotransfer systems 
and cold stages for electron microscopes have 
been described in the literature (e.g. Heide and 
Grund, 1974; Hutchinson et al., 1978; Talman et 
al., 1979; Ross et al., 1981; Heide, 1982; Hax and 
Lichtenegger, 1982; Zierold et al., 1981). During 
transfer, the specimen temperature is kept 
below 130 K, in order to prevent sublimation of 
ice. The sections can be freeze-dried during 
transfer either by removing the cold contact from 
the grid holder or by counterheating the specimen 
holder in the transfer chamber. 
Cryotransfer turns out to be advantageous 
also for electron microscopy and microanalysis of 
freeze-dried sec ti ans. Freeze-dried sect ions 
stored at 1 aboratory atmosphere are very hygro-
scopic. As a consequence of the contact with 
the humidity of the air the ultrastructure in 
these sections appears damaged (Figs. 13 and 14). 
Therefore, freeze-dried cryosections should be 
kept in a closed system without any contact with 
wet air, until they are studied in the electron 
microscope (Zierold, 1984b). 
As indicated in Fig. 1, also carbon coating 
can be included in the cryotransfer system. A 
carbon 1 ayer on the frozen-hydrated section 
reduces mass loss caused by electron irradiation 
as discussed below (Zierold, 1984c). 
Cryomicroscopy and Microanalysis 
Frozen-hydrated and freeze-dried sections are 
studied in a scanning transmission electron micro-
scope equipped with a cold stage at a temperature 
of 138 K (Zierold, 1982 and 1983). Frozen-hydrated 
sections show a very low contrast in brightfield 
mode and a slightly increased contras): in dark-
field mode. After superficial sublimation of ice 
cellular structures such as cell membranes can be 
recognized in frozen-hydrated sect i ans in dark-
field mode (Fig. 15). The low contrast is caused 
by the very similar electron scattering cross 
section of ice and organic material (Carlemalm and 
Kellenberger, 1982; Eusemann et al., 1982). Per-
haps, the missing contrast in frozen-hydrated 
sections can be enhanced by Z-contrast imaging 
(Carlemalm and Kellenberger, 1982) or by electron 
spectroscopic imaging (Ottensmeyer and Andrew, 
1980; Ottensmeyer, 1984; Colliex et al., 1984). 
In particular, electron energy loss spectroscopy 
and electron spectroscopic imaging require very 
thin cryosections of thicknesses less than 50 nm, 
which at present are very difficult to achieve. 
Additionally, ul trathin frozen-hydrated sec-
tions are very sensitive to radiation damage re-
sulting in mass loss during electron irradiation 
(Fig. 15). According to Heide (1984), at 140 K 
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Fig. 10: Frozen-hydrated cryosect ion from a drop-
1 et containing 20% glycerol gelatin and 
80% water cut at 50 mm/s. Bright areas 
are caused by radiation damage. Compres-
sion lines with a period of approximately 
0.2 µm are superimposed by vibration and 
chatter 1 ines with a period of 1 1-Jm and 
about 3 µm. Arrow indicates cutting 
direction. 
Fig. 11: Frozen-hydrated cryosection cut at 10 
mm/s. Compression lines as in Fig. 10 are 
found without vibrations. Arrow indicates 
cutting direction. 
Fig. 12: Freeze-dried cryosection with large ice 
crystals of about 300 nm in size showing 
no distortion lines. 
this mass loss is 2 µg/As; respectively 1 water 
molecule is lost by irradiation of 94 electrons. 
Lowering the temperature to 9-90 K may decrease 
the mass loss to 0.8 ~g/As, but this moderate 
723 
Fig. 13: Freeze-dried cryosection of frog skeletal 
muscle, cryotransferred into the STEM 
without contact with the air, S = sarco-
meres. 
Fig. 14: Freeze-dried cryosection of frog skeletal 
muscle, stored over night at the labora-
tory atmosphere, S = sarcomeres. 
Table 2: Etch depth as expected in a frozen-hy-
drated section of ice irradiated by 100 
keV electrons, based on the mass loss of 
2 pg/As. 
Scanned electron time exposure 
area(;um2) current(nA) (s) (e/nm2) 
10 10 6,25.103 
10 6,25.10 4 
100 6,25.105 








gain in cryopreservation is not sufficient for 
microanalytical purposes requiring high electron 
exposure. This is illustrated by the data given 
in Table 2, based on a mass loss of 2 µg/As. 
The upper two rows in this table rather hold for 
imaging conditions, whereas the lower two rows 
reflect parameters as used in X-ray microanalysis. 
According to Talman (1984), this mass loss is even 
increased in the presence of organic materi a 1. 
Therefore, electron probe microanalysis of frozen-
hydrated material is mainly done on bulk specimens 
ultrastructure 
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Table 3: Comparison of frozen-hydrated and 
freeze-dried ultrathin (100 nm thick) 
cryosections with respect to X-ray 
microanalysis. The detection limits given 
in the table are approximately 3 times 
higher for magnesium and 4 ti mes higher 
for sodium. 
frozen-hydrated 
difficult to identify 
freeze-dried 
visible/good, depends 
on ice crystal size 




relative detection limit 
for Z ~ 12 
absolute detection limit 
for Z >12 
ion distribution 
ice crystal damage 
depending on cryofixation 
mass loss, can be negligible 
reduced by carbon coating 





1500 atoms in 
100x50x50 nm3 
500 atoms in 
100x50x50 nm3 
preserved close to 




or thicker sections (Gupta and Hall, 1981; Sauber-
mann et al., 1981 a). Perhaps, coating the frozen-
hydrated sections with carbon before analysis will 
improve the situation, because the mass loss 
caused by electron irradiation of ice is a surface 
phenomenon (Hren, 1979; Dubochet et al., 1982; 
Heide, 1984). As illustrated in Fig. 16 a 20 nm 
thick evaporation layer of carbon on frozen-hy-
drated sections may reduce the mass loss remarkab-
ly, depending on the thickness of the carbon 
layer and the contact of the section with the 
carbon coated support film (Zierold, 1984c). 
However, the exact relationship between the 
thickness of a superficial carbon layer and the 
preservation efficiency against mass loss remains 
to be clarified. 
Fig. 15: Frozen-hydrated section of a suspension 
of yeast cells, superficially freeze-
dried. C = eel l, A = area scanned by 
200,000 e/nm2 resulting in complete mass 
loss. 
Fig. 16: Frozen-hydrated section of yeast cells, 
coated by a 20 nm thick layer of carbon 
before transfer into the STEM, imaged in 
darkfield. C = cell, i = ice crystal, A= 
area scanned by 200,000 e/nm2. Mass loss 
is much lower than in the example shown 
in Fig. 15. 
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Freeze-dried cryosections can be studied with 
much higher contrast and without mass loss. How-
ever, incompletely dried sections with superfi-
cial water layers on organic material also lose 
mass. The contrast in freeze-dried sections is 
caused mainly by differences in electron scatter-
ing between remaining organic material and vacuum. 
Thus, sections with visible ice crystal damage ex-
hibit higher contrast than sections without re-
cognizable freezing damage. Because of the good 
contrast in STEM and the stability with respect to 
radiation damage the freeze-dried cryosection 
turns out to be a versatile object for X-ray 
microanalysis of cryosections. During ice sublima-
tion, diffusible substances presumably move not 
further than one ice crystal diameter to the next 
solid structure. Greater redistribution may occur 
in water-rich compartments such as vacuoles or 
vessels. 
Cryosections undergo unidirectional shrinkage 
by freeze-drying of about 10-20% (Zierold, 1984c). 
According to Frederik et al. (1984b) this shrink-
age can be prevented if sections are merely partly 
dehydrated and if "post-drying" is avoided. X-ray 
spectra can be obtained from any desired area 
with a latera·1 analytical resolution of about 
40 nm, as found by contamination spots produced 
by electron irradiation of sections at room 
temperature. In principle, freeze-dried sections 
can be studied in the warm state. However, all 
diffusion processes increase with temperature. 
Therefore, the specimen temperature should be 
kept as low as possible from the cryofixation up 
to the analysis of the section in the electron 
microscope in order to avoid redistribution of 
solutes. Additionally, the cold stage and the 
even colder anticontamination trap near the 
specimen allow electron microscopy and microanaly-
sis without any observable contamination. 
The evaluation of X-ray spectra is done by 
comparison with freeze-dried sections from drop-
1 et s of standard solutions mixed with organic 
material such as albumin, glycerol gelatin, or 
dextran (Hagler et al., 1983; Hall and Gupta, 
1982; Rick et al., 1982; Roomans and Seveus 1977; 
Saubermann et al., 1981b). Dextran standards are 
found to be very suitable, because dextran does 
not contribute characteristic peaks in X-ray 
microanalysis and solutions containing up to 50% 
dry weight can be prepared. Glycerol gelatin 
contains small amounts of sodium and sulfur, 
and albumin contains sulfur which may disturb the 
X-ray spectrum. The detection limit found is 12 
mMol/kg dry weight for all elements with an atomic 
number higher than 12; for sodium and magnesium 
the detection limit is 48 and 36 mMol/kg dry 
weight, respectively. In a homogeneous section the 
X-ray spectra are independent of the size of the 
scanned area. This means that in a 50 nm x 50 nm 
area of a 100 nm thick section less than 2,000 
characteristic atoms can be detected. In order to 
obtain the physiologically important wet weight 
concentrations of the elements, the local mass or 
the local water content has to be determined. 
This can be done for example by the method of 
Zeitler and Bahr (1962). Thus, electrolyte concen-




The main features of frozen-hydrated and 
freeze-dried cryosect ions with respect to X-ray 
microanalysis are compiled in Table 3. Although 
freeze-dried sections are sufficient for inves-
tigations of many biological problems, the risk of 
ion distribution caused by freeze-drying leads to 
continuous efforts in improving electron probe 
microanalysis of frozen-hydrated states. 
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